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Decaffeinated Coffee and Nicotine-Free Tobacco Provide
Neuroprotection in Drosophila Models of Parkinson’s
Disease through an NRF2-Dependent Mechanism
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Epidemiological studies have revealed a significantly reduced risk of Parkinson’s disease (PD) among coffee and tobacco users, although
it is unclear whether these correlations reflect neuroprotective/symptomatic effects of these agents or preexisting differences in the
brains of tobacco and coffee users. Here, we report that coffee and tobacco, but not caffeine or nicotine, are neuroprotective in fly PD
models. We further report that decaffeinated coffee and nicotine-free tobacco are as neuroprotective as their caffeine and nicotine-containing
counterparts and that the neuroprotective effects of decaffeinated coffee and nicotine-free tobacco are also evident in Drosophila models of
Alzheimer’s disease and polyglutamine disease. Finally, we report that the neuroprotective effects of decaffeinated coffee and nicotine-
free tobacco require the cytoprotective transcription factor Nrf2 and that a known Nrf2 activator in coffee, cafestol, is also able to confer
neuroprotection in our fly models of PD. Our findings indicate that coffee and tobacco contain Nrf2-activating compounds that may
account for the reduced risk of PD among coffee and tobacco users. These compounds represent attractive candidates for therapeutic

intervention in PD and perhaps other neurodegenerative diseases.

Introduction

Parkinson’s disease (PD) is a prevalent movement disorder
caused by dopamine (DA) neuron death in the midbrain. The
mechanisms underlying DA neuron death in PD are incom-
pletely understood, and there are currently no preventative ther-
apies for this disorder. Over the past decade, linkage studies have
identified a number of gene defects that confer simple Mendelian
forms of parkinsonism (Biskup et al., 2008; Mizuno et al., 2008).
Although these mutations appear to account for only a small
fraction of PD, studies of the genes associated with these rare
Mendelian forms of parkinsonism have provided important in-
sight to our understanding of the pathogenesis of both genetic
and sporadic forms of PD (Biskup et al., 2008; Mizuno et al.,
2008).

Epidemiological studies have also contributed important
clues to the pathogenesis of PD by identifying environmental
factors associated with increased or decreased risk of PD (de Lau
and Breteler, 2006; Elbaz and Tranchant, 2007). Among the more
intriguing findings to emerge from epidemiological studies are
that coffee and tobacco users exhibit a significantly reduced risk
of developing PD relative to the general population (Ross and
Petrovitch, 2001; de Lau and Breteler, 2006; Elbaz and Tranchant,
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2007; Ritz et al., 2007). Three hypotheses have been proposed to
explain this relationship: intrinsic differences in the brains of
individuals that convey habitual usage of tobacco and coffee
might also confer a decreased risk of developing PD (Arias-
Carrion and Poppel, 2007); coffee and tobacco may contain chemi-
cal agents, such as caffeine or nicotine, that confer symptomatic
relief (Schwarzschild et al., 2006; Quik et al., 2008); and coffee and
tobacco may contain neuroprotective agents (Schwarzschild et al.,
2006; Quik et al., 2008).

To test the hypothesis that coffee and tobacco contain neuro-
protective agents, we analyzed the neuroprotective potential of
these agents using two different fly genetic models of PD: a trans-
genic strain of flies that overexpress the human a-synuclein pro-
tein in DA neurons (Trinh et al., 2008) and a strain of flies that
bears a homozygous loss-of-function mutation in the parkin gene
(Greene et al., 2003). Both of these fly models of PD bear genetic
alterations akin to those responsible for familial forms of parkin-
sonism, and both models recapitulate multiple features of PD,
most notably progressive death of DA neurons in the brain
(Whitworth et al., 2005; Trinh et al., 2008). We report that coffee
and tobacco confer neuroprotection in both of our fly PD mod-
els. We further find that decaffeinated coffee and nicotine-free
tobacco are as effective in suppressing neurodegeneration as their
caffeine and nicotine-containing counterparts, and we failed to
detect a neuroprotective role of caffeine or nicotine alone. Fi-
nally, we find that the neuroprotective effects of decaffeinated
coffee and nicotine-free tobacco act through an Nrf2-dependent
mechanism and that these neuroprotective effects are also evi-
dent in transgenic fly models of Alzheimer’s disease (AD) and
polyglutamine disease. Our work suggests that coffee and tobacco
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other neurodegenerative disorders.

Materials and Methods 10

Drosophila strains and culture. The upstream
activating sequence (UAS)—a-synuclein, UAS—
B-amyloid 42 (AB,,), UAS—polyQ78, tyrosine
hydroxylase (TH )—galactosidase-4 (Gal4), em-
bryonic lethal-abnormal vision (Elav)-Gal4, and
glutathione S-transferase D1 ( gstD1)—green flu-
orescent protein (GFP) transgenic lines and 7
park? and park?”? parkin mutants used in our
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studies have been described previously (Brand 6.
and Perrimon, 1993; Warrick et al., 1998; Friggi-
Grelin etal., 2003; Greene et al., 2003; Finelli et al.,
2004; Tijima et al., 2004; Whitworth et al., 2005;
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Sykiotis and Bohmann, 2008; Trinh et al., 2008).
The Cap-n-collar RNA interference (CncRNAi),
P{TRiP.JF02006}attP2 transgenic line was ob- C

tained from the Bloomington Drosophila Stock 1
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Center (http://flystocks.bio.indiana.edu). Flies
were raised on standard cornmeal-molasses food
at 25°C. Exposure of Drosophila to the dietary 10
supplements used in our analyses was per-
formed by allowing flies to lay eggs on supple-
mented food or by transferring first-instar
larvae to supplemented food and allowing
them to develop to the adult stage. Adult flies
were then collected during eclosion and trans-
ferred to fresh supplemented food. 7
Preparation of supplemented food. Coffee ex-
tracts were prepared using Starbucks House
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blend (Starbucks Corporation) or Tully House 6
blend (Tully Corporation) for regular coffee
and Starbucks decaffeinated House blend for
decaffeinated coffee (Starbucks Corporation).
Tobacco extracts were made using Eve light
(Liggett) or Skoal Smokeless tobacco (Skoal)
for regular tobacco and Quest2 (Vector To-
bacco) for nicotine-free tobacco. Extracts were
prepared by adding 18.4 g of ground coffee and
50 mg of dried tobacco separately to 100 ml of
water and boiling for 30 min. The extracts were
then filtered through Whatman filter paper to
remove particulate matter and added to stan-
dard cornmeal-molasses fly food at varying
concentrations. Pure caffeine (Sigma) or nico-
tine (Sigma) were added to standard cornmeal-molasses fly food at con-
centrations that approximate their concentrations in our coffee and
tobacco extracts, respectively. Pure cafestol (Sigma) was added to stan-
dard cornmeal-molasses fly food at a concentration of 0.2 ug/ml.

Dopamine neuron immunostaining. Dopamine neuron integrity was
analyzed as described previously (Whitworth et al., 2005). Briefly, adult
fly brains were dissected in 1 X PBS and fixed for 30 min in 4% parafor-
maldehyde. Fixed brains were blocked with 10% serum and stained with
a rabbit antibody against tyrosine hydroxylase (TH) overnight. Dopa-
mine neurons were visualized with an Alexa anti-rabbit secondary anti-
body using confocal microscopy. The experimenter was blinded to the
treatment conditions, and a Student’s ¢ test was used for statistical anal-
ysis. A minimum of 20 brains were analyzed for each treatment condi-
tion. Positive and/or negative control genotypes were included in each
experiment to control for subtle variation in technique between investi-
gators and in the reagents used in these analyses.

Behavioral assays. The climbing behavior of parkin mutants and
B-amyloid transgenic flies was performed as described previously
(Greene et al., 2003). Briefly, 20 flies were placed into the first chamber of
a countercurrent apparatus, tapped to the bottom, and given 30 s to
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Coffee and tobacco are neuroprotective in both c-synuclein transgenic and parkin null mutant flies. A, The number of
DA neurons in the PPLT cluster of 20-d-old transgenic flies expressing the human «-synuclein protein after exposure to food
containing the given concentration of coffee extract. B, The number of DA neurons in the PPL1 cluster of 20-d-old cx-synuclein
transgenic flies after exposure to food containing the given concentrations of tobacco extract. €, The number of DA neurons in the
PPL1 cluster of 20-d-old parkin null flies after exposure to food containing the given concentration of coffee extract or tobacco
extract. D, Representative images of PPL1 DA neurons in ae-synuclein-expressing flies and parkin mutants after 20 d exposure to
the indicated food supplement. Cof, Coffee; Tob, tobacco. Statistical tests were performed using Student's ¢ test (*p << 0.01%;
*#*p < 0.001%). The genotypes were as follows: TH-c-Syn, TH—Gal4 UAS—ce-synuclein/ TH—Gal4 UAS—cc-synuclein; Park ™",

climb a distance of 10 cm. Flies that climbed 10 cm in 30 s were shifted to
another chamber, and the experiment was repeated. After five successive
trials, the number of flies in each chamber were counted, and the climb-
ing index was calculated as the weighted average of the number of flies in
each chamber divided by five times the number of flies in the assay.

Lifespan analyses were performed using groups of 10-20 age-matched
flies. Flies were transferred to fresh standard food or supplemented food
every 2 d, and the number of dead flies was recorded during each transfer.
Transfers were continued until all flies died, and each experiment was
performed in triplicate.

Eclosion rates were determined by crossing Elav—Gal4 females to
UAS—polyQ78 males on standard food or on supplemented food. All
crosses were performed using an equal number of age-matched flies. The
mean number of adult flies obtained from three independent crosses per
genotype was determined.

Caffeine and nicotine assay. The concentrations of caffeine and nico-
tine in our coffee and tobacco extracts, respectively, were quantified by
liquid chromatography—ion trap mass spectrometry. Briefly, extracts
were first cleaned using a Sep-Pak C18 column then resuspended in
water. Ten microliters of each extract were then injected onto a Bruker
Esquire LC-Ion Trap mass spectrometer. Quantification was performed
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Figure 2.  (affeine and nicotine are not responsible for the neuroprotective properties of coffee

and tobacco, respectively. 4, The number of DA neuronsin the PPL1 cluster of 20-d-old transgenic flies
expressing the human ce-synuclein protein after exposure to food containing pure caffeine (0.6 g/
ml) or nicotine (0.1 r.g/ml) at concentrations that approximate their concentrations in our coffee and
tobacco extracts, respectively. B, The number of DA neurons in the PPL1 cluster of 20-d-old parkin null
mutants after exposure to food containing pure caffeine (0.6 tg/ml) or nicotine (0.1 peg/ml).
€, Representative images of DA neurons in the PPL1 cluster of 20-d-old flies after exposure to food
containing the given concentration of caffeine or nicotine. The genotypes were as follows: TH--Syn,
TH—Gal4 UAS—ce-synuclein/ TH~Gald UAS—ce-synuclein; Park '~ , park?* park?.

using a standard curve involving known quantities of commercially ob-
tained samples of caffeine and nicotine. The identification of caffeine and
nicotine in extracts was based on the liquid chromatography retention
time of known standards, and the concentrations of these agents were
determined using linear regression analysis of absorption integration of
standard curves. All quantification experiments were performed in trip-
licate. Results of our analyses indicated that the concentration of caffeine
in our coffee extract was 0.63 £ 0.1 mg/ml, and the concentration of
nicotine in our tobacco extract was 0.3 = 0.26 mg/ml.

Primary neuron culture. Primary DA neuron cultures were prepared as
described previously (Park and Lee, 2006; Park et al., 2007) and grown for
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Figure 3. Decaffeinated coffee and nicotine-free tobacco confer neuroprotection in both
a-synuclein transgenic and parkin null mutant flies. A, The number of DA neurons in the PPL1
cluster of 20-d-old transgenic flies expressing the human ae-synuclein protein after exposure to
food containing the given concentrations of decaffeinated coffee or nicotine-free tobacco ex-
tract. B, The number of DA neurons in the PPL1 cluster of 20-d-old parkin null mutants after
exposure to food containing the given concentration of decaffeinated coffee or nicotine-free
tobacco extract. (, Representative images of DA neurons in the PPL1 cluster of 20-d-old flies
after exposure to food containing the given concentration of decaffeinated coffee or nicotine-
free tobacco extract. Statistical tests were performed using Student’s ¢ test (*p << 0.01%;
**p < 0.001%). The genotypes were as follows: TH-c-Syn, TH-Gal4 UAS—a-synuclein/TH—
Gald UAS—cae-synuclein; Park™"~, park? Ipark®.

3 d. Decaffeinated coffee and nicotine-free tobacco extracts were added
to cultures at a final dilution of 1:2000. After 6 d of exposure to coffee and
tobacco extracts, DA neurons were detected and quantified relative to
4',6'-diamidino-2-phenylindole-positive cells, as described previously
(Park and Lee, 2006; Park et al., 2007).

Reverse transcription-PCR, Western blot analysis, and glutathione assay.
Total RNA was isolated from 20 heads using Trizol (Invitrogen). First-
strand cDNA was prepared according to the protocol of the manufac-
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Figure 4.  Decaffeinated coffee and nicotine-free tobacco rescue the climbing and lifespan

defects of parkin mutants. A, The climbing ability of 1-d-old parkin null mutants after exposure
to food containing the given concentrations of decaffeinated coffee or nicotine-free tobacco
extract. B, The survival rate of park*”#%*”2 hypomorphic mutants on food containing the given
concentrations of decaffeinated coffee or nicotine-free tobacco extract. Statistical tests were
performed using Student’s ¢ test (*p << 0.05%). The genotype in A was Park~"~ ( park®*/
park®). The genotype in Bwas Park "~ ( park?*”*Ipark?*’?).

turer (Ambion). PCR was performed using standard procedures and was
performed in triplicate and normalized to ferritin as internal control.

Western blot analysis to detect GFP abundance in gstDI-GFP trans-
genic flies was performed by homogenizing flies in lysis buffer (150 mm
TrisHCI, 50 mm NaCl, and 0.1% NP-40) plus protease inhibitors (In-
vitrogen) and subjecting the homogenate to SDS-PAGE on a 4-20%
polyacrylamide gel. Proteins were subsequently transferred to polyvinyli-
dene difluoride membrane and probed with a rabbit anti-GFP antiserum
(Santa Cruz Biotechnology) and a mouse anti-actin antibody (Millipore
Bioscience Research Reagents). Blots were developed using HRP-
conjugated secondary antibodies (Sigma) and ECL Western Blotting
Substrate (Pierce) according to the protocols of the manufacturer. Quan-
tification of signal intensity was performed using NIH Image J software,
and the resulting measurements from three different experiments were
averaged.

Glutathione abundance in third-instar larvae was determined using a
commercial glutathione detection kit (Invitrogen) according to the pro-
tocol of the manufacturer. The assay was repeated at least three times.

Results

To test the hypothesis that coffee and tobacco contain neuropro-
tective agents, we raised our fly PD models on food supplemented
with increasing concentrations of a coffee or tobacco extract (for
details about how the coffee and tobacco extracts were prepared,
see Materials and Methods). Although most of the epidemiolog-
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Figure5. (Coffee and tobacco confer neuroprotection in a cell culture model of PD. 4, B, The
number of DA neurons in primary embryonic neuronal cultures prepared from transgenic flies
expressing ce-synuclein after 3 d exposure to coffee or decaffeinated coffee (4), or tobacco or
nicotine-free tobacco extracts (B). C, Representative images of primary embryonic DA neurons
expressing human a-synuclein after treatment with the indicated extract. Coffee and tobacco
extracts were added to cell culture media at a 1:2000 dilution. Statistical tests were performed
using Student’s ¢ test (**p << 0.001%).

ical data linking tobacco exposure to decreased PD risk involves
smokers, several previous studies suggest that the use of smoke-
less tobacco also correlates with a reduced risk of PD (O’Reilly et
al., 2005; Ritz et al., 2007), thus providing justification for the use
of tobacco rather than an oxidized derivative of tobacco in our
experiments. Our previous work has shown that significant de-
generation occurs in the protocerebral posterior lateral 1 (PPL1)
cluster of DA neurons in 20-d-old a-synuclein transgenic flies
and 20-d-old parkin mutants (Whitworth et al., 2005; Trinh et al.,
2008). We detected a dose-dependent reduction in the degener-
ation of DA neurons in both of our fly PD models after their
exposure to coffee or tobacco supplemented food (Fig. 1 and data
not shown). Although all of the concentrations of coffee extract
tested were found to be protective, we observed an attenuation of
neuroprotection at the highest concentrations of tobacco extract
tested, which correlated with an increased mortality rate, indicat-
ing a toxic effect of high concentrations of tobacco (data not



Trinh et al. o Coffee and Tobacco Are Neuroprotective

J. Neurosci., April 21,2010 - 30(16):5525-5532 * 5529

A 1 B B Elav-Ap42
0.9 1 120 @ Elav-Ap420.15%
3 0.8 1 ] Decaffeinated Coffee
B 07 _100 D Elav-aps2
> 061 E 80 | 0.03% Nicotine-free
£ 051 c Tobacco
o J
2 0.4 ® 60
= 031 2
© 0.2 4 40
] 20 I |
Elav-Ap42 Elav-AB42 Elav-Ap42 0"
@ Day1 0.15% 0.03% 1 10 20 30 40 50 60 65
@ Day10 Decaffeinated Nicotine-free D
0O Day20 Coffee Tobacco ays
C D
100] 120
g B Elav-Q78
S 807 100 @ Elav-Q780.15%
w ] =60 Decaffeinated Coffee
g 60 [= O Elav-ars
T 01 £ 60 0.03% Nicotine-free
5 7] Tobacco
o x40
< 20 1
L
o 20
3+ 0 1
Elav-Q78  Elav-Q78 Elav-Q78 0
0.15% 0.03% 1 2 3 4 5 6 7 8 9 10 11 12
Decaffeinated Nicotine-free Days
Coffee Tobacco
Figure 6. Decaffeinated coffee and nicotine-free tobacco are protective in an Alzheimer’s disease fly model and in a polyglutamine disease fly model. 4, The climbing ability of 1-, 10-, and

20-d-old transgenic flies expressing the human 3-amyloid peptide after exposure to food containing the given concentrations of decaffeinated coffee or nicotine-free tobacco extract. B, The survival
rate of transgenic flies expressing the human 3-amyloid peptide on food containing the given concentrations of decaffeinated coffee or nicotine-free tobacco extract. , The relative number of
transgenic flies expressing a human polyglutamine protein that survive to the adult stage of development after exposure to food containing the given concentrations of decaffeinated coffee or
nicotine-free tobacco extract. D, The survival rate of transgenic flies expressing a human polyglutamine protein on food containing the given concentrations of decaffeinated coffee or nicotine-free
tobacco extract. Statistical tests were performed using Student’s ¢ test (*p << 0.05%). The genotypes were as follows: Elav-AB42, Elav-Gal4/+; UAS-AB,y/+; Elav-Q78, Elav—Gal4/+;

UAS—polyQ78/+.

shown). Exposure of wild-type (WT) flies to coffee and tobacco
extracts had no effect on the number of DA neurons in the PPL1
cluster, suggesting that the rescue of neuron loss conferred by
these agents in our PD models is not caused by excessive genesis
of DA neurons during development (supplemental Fig. S1, avail-
able at www.jneurosci.org as supplemental material). The neuro-
protective effects of coffee and tobacco also do not appear to
result from an alteration in the eating behavior of flies in response
to these chemical agents, because we detected no change in the
quantity of food consumed by flies during inclusion of coffee and
tobacco extracts in the fly food (supplemental Fig. S2, available at
www.jneurosci.org as supplemental material). Moreover, these
neuroprotective effects are not specific to the commercial sources
of tobacco and coffee used in our experiments, because different
commercial sources of tobacco and coffee conferred similar neu-
roprotective effects (data not shown).

We performed several experiments to test whether the neuro-
protective effects of coffee and tobacco derive from caffeine and
nicotine, respectively. First, we tested whether fly food supple-
mented with concentrations of caffeine and nicotine that approx-
imate their concentrations in our coffee and tobacco extracts,
respectively, were capable of conferring neuroprotection. Results

of these experiments revealed no significant effects of caffeine or
nicotine alone on the neurodegenerative phenotype of our PD
models (Fig. 2). Although these findings suggest that caffeine and
nicotine are not responsible for the neuroprotective effects of
coffee and tobacco, respectively, an alternate interpretation of
our findings is that the protective effects of caffeine and nicotine
may require other components of coffee and tobacco, respec-
tively. To distinguish between these models, we tested whether fly
food supplemented with either decaffeinated coffee extract or
nicotine-free tobacco extract were capable of providing neuro-
protection. We found that decaffeinated coffee and nicotine-free
tobacco extracts conferred neuroprotective properties that were
indistinguishable from those of their caffeine and nicotine-
containing counterparts, respectively (Fig. 3). These findings in-
dicate that coffee and tobacco contain neuroprotective agents
other than caffeine and nicotine, respectively.

Although we do not detect an effect of a-synuclein expres-
sion on fly behavior or lifespan, our previous work indicates
that parkin mutants display a climbing defect and shortened lifes-
pan (Greene et al., 2003). Thus, we tested whether the protective
effects of decaffeinated coffee and nicotine-free tobacco would
extend to the behavioral and lifespan phenotypes of parkin mu-
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cued the climbing defect and shortened 2 ’

lifespan of parkin mutants (Fig. 4). The g -
maximum lifespan of parkin mutants in-

E 1
creased from 45 d on nonsupplemented  z
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food to 60 d on food containing decaffein-
ated coffee and to 57 d on food containing 0
nicotine-free tobacco.

To test whether the neuroprotective
effects of coffee and tobacco require in- G
gestion and possible metabolic conver-
sion in the intestinal tract, we explored the
effects of exposing a Drosophila cell cul-
ture model of a-synuclein toxicity to de-
caffeinated coffee or nicotine-free tobacco
extracts. Previous work has shown that
the expression of human a-synuclein in
primary neuronal cultures from Drosoph-
ila embryos induces a progressive and se-
lective loss of dopamine neurons over a
period of several days (Park and Lee, 2006;
Park et al., 2007). However, we found that
supplementing the culture media with ei-
ther a coffee extract or a tobacco extract
completely suppressed the loss of TH-
positive neurons induced by a-synuclein
expression in this cell culture system (Fig.
5). These findings suggest that the neuro-
protective components of coffee and to-
bacco act directly on DA neurons without
previous metabolic conversion in the periphery.

Recent work suggests that coffee exposure also correlates with
a reduced risk of dementia and AD (Eskelinen et al., 2009), thus
raising the possibility that the neuroprotective properties of de-
caffeinated coffee documented in our current work might also be
relevant to AD. To test this hypothesis, we used an established
Drosophila model of AD, involving transgenic expression of the
human B-amyloid peptide in the brain, to examine the effects of
decaffeinated coffee on AD pathogenesis (Finelli et al., 2004). We
also tested the generality of our findings by exposing this same
AD model as well as a transgenic model of polyglutamine disease
(Warrick et al., 1998) to our nicotine-free tobacco and decaffein-
ated coffee extracts. We found that exposing the fly AD model to
decaffeinated coffee or nicotine-free tobacco partially rescued the
climbing defect and decreased lifespan that result from trans-
genic B-amyloid expression (Fig. 6). The maximum lifespan of
B-amyloid transgenic flies increased from 55 d on nonsupple-
mented food to 65 d on food containing decaffeinated coffee and
to 62 d on food containing nicotine-free tobacco. Moreover, de-
caffeinated coffee and nicotine-free tobacco both partially res-
cued the decreased eclosion rate and lifespan of polyglutamine
transgenic flies (Fig. 6). The maximum lifespan of polyglutamine
protein-expressing transgenic flies increased from 7 d on non-
supplemented food to 12 d on food containing decaffeinated
coffee and to 10 d on food containing nicotine-free tobacco.
Thus, our studies indicate that the protective effects of decaffein-
ated coffee and nicotine-free tobacco are not specific to PD
pathogenesis but rather extend to a variety of different neuroge-
netic insults.

Our finding that the neuroprotective effects of decaffeinated
coffee and nicotine-free tobacco are manifest in distinctly differ-
ent models of neurodegeneration implicates a general neuropro-
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gstD1-GFP, gstD1-GFP/gstD1—GFP; Elav-G, Elav—Gal4/ +; Elav-CncRNA, Elav—Gal4/+; UAS—CncRNAi/+ ; TH-CncRNAI, TH-Gal4/
UAS—CncRNAi; TH--Syn; CncRNA, TH—Gal4, UAS—ce-synuclein/TH—Gal4, UAS—c-synuclein; UAS—CncRNAi/+.
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Figure 8.  The Nrf2 activator cafestol confers neuroprotection in Drosophila models of PD.

A, The expression of GFP, relative to actin in transgenic flies bearing the Nrf2 reporter construct
gstD1-GFP, after exposure to food supplemented with 0.2 .g/ml cafestol. B, The number of DA
neurons in the PPLT cluster of 20-d-old a-synuclein transgenic flies after exposure to food
containing 0.2 wg/ml cafestol. ¢, The number of DA neurons in the PPL1 cluster of 20-d-old
parkin null flies after exposure to food containing 0.2 wwg/ml cafestol. Statistical tests were
performed using Student’s ¢ test (*p << 0.05%). The genotypes were as follows: gstD1-GFP,
gstD1-GFP/gstD1-GFP; TH-a-Syn, TH—Gal4 UAS—a-synuclein/TH—Gal4 UAS—oe-synuclein;
Park™"~, park®"%*,

tective pathway. One attractive candidate is the Keapl-Nrf2
pathway, which can be activated by a number of different chem-
ical agents, including several known chemicals in coffee (Cavin et
al., 2002; Yates and Kensler, 2007) and which we have shown
previously can suppress the toxicity associated with parkin mu-
tations and a-synuclein expression upon its induction in flies
(Trinh et al., 2008). To test the hypothesis that the Keap1-Nrf2
pathway mediates the neuroprotective effects of coffee and to-
bacco, we performed several experiments. Previous work indi-
cates that the Nrf2 transcription factor can bind to regulatory
elements in genes encoding rate-limiting enzymes involved in
glutathione biosynthesis and glutathione conjugation and pro-
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mote their transcription (Dinkova-Kostova and Talalay, 2008).
Thus, we tested whether coffee or tobacco extracts can influence
glutathione abundance and whether these extracts can activate a
reporter construct consisting of the gstD1 transcriptional regula-
tory sequence fused to the GFP coding sequence. We found that
coffee and tobacco extracts significantly increased the glutathi-
one abundance of WT flies treated with these extracts (Fig. 7).
Similar increases in glutathione content were induced by treating
animals with decaffeinated coffee and nicotine-free tobacco ex-
tracts (Fig. 7). We also found that coffee and tobacco extracts, as
well as decaffeinated coffee and nicotine-free tobacco extracts,
can activate a transgenic gstD1-GFP reporter construct (Sykiotis
and Bohmann, 2008) that bears Nrf2 transcriptional activation
binding sites (Fig. 7).

The above findings suggest that decaffeinated coffee and
nicotine-free tobacco extracts confer neuroprotection through
an Nrf2-dependent mechanism. To conduct a more direct test of
this hypothesis, we analyzed the neuroprotective effects of coffee,
tobacco, decaffeinated coffee, and nicotine-free tobacco in flies
with diminished Nrf2 activity. Because null mutations of the Dro-
sophila Nrf2 homolog Cnc are inviable, we selectively expressed a
CncRNAi construct in DA neurons using the TH-Gal4 driver and
tested whether this manipulation attenuates the neuroprotective
effects of our extracts. We found that expression of the CrncRNAi
construct significantly diminished the abundance of the Cnc
transcript but did not detectably influence DA neuron integrity in
WT flies or in a-synuclein transgenic flies. However, expression
of the CncRNAi construct attenuated the neuroprotective effects
of coffee, tobacco, decaffeinated coffee, and nicotine-free tobacco
extracts in our a-synuclein transgenic model (Fig. 7), demon-
strating that the neuroprotective effects of these extracts require
the Keap1-Nrf2 pathway.

There are several chemical species in coffee that have been
shown previously to activate the Keap1-Nrf2 pathway, including
the sterol cafestol (Cavin et al., 2003). To test whether cafestol can
activate the Nrf2 pathway in Drosophila and to identify suitable
concentrations of cafestol sufficient for Nrf2 activation, we ex-
posed transgenic gstD1-GFP reporter flies fly food supplemented
with this chemical agent. When added to fly food at a concentra-
tion of 0.2 ug/ml, cafestol was found to significantly activate the
gstDI-GFP reporter relative to controls (Fig. 8). We next tested
whether the same concentration of cafestol can suffice to con-
fer neuroprotection in our fly models of PD. Our experiments
revealed that cafestol can confer neuroprotection in both
a-synuclein transgenic and parkin null flies that is similar in mag-
nitude to the neuroprotection conferred by our coffee extracts.
This finding strongly suggests that cafestol is among the com-
pounds in coffee that are responsible for the neuroprotective
effects of decaffeinated coffee documented in our current work.

Discussion

In summary, our work suggests that the protective correlation
associated with coffee and tobacco consumption and the inci-
dence of PD, AD, and dementia in humans is a consequence of
neuroprotective components in coffee and tobacco that activate
the cytoprotective transcription factor Nrf2. Although our work
indicates that the neuroprotective effects of coffee and tobacco do
not derive from caffeine or nicotine, previous work has docu-
mented neuroprotective effects of these agents in toxin-induced
models of PD (Kalda et al., 2006; Quik et al., 2008). There are
three possible explanations for our inability to detect neuropro-
tective effects of nicotine and caffeine: the protective effects of
nicotine and caffeine may be specific to toxin-induced cell death
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mechanisms; the molecular mechanisms by which nicotine and
caffeine confer neuroprotection may not be conserved in Dro-
sophila; and the quantities of coffee and tobacco extract that were
sufficient for neuroprotection in our experiments may have con-
tained inappropriate amounts of caffeine and nicotine, respec-
tively, to allow detection of the neuroprotective effects of these
agents, although we also tested both higher and lower concentra-
tions of caffeine and nicotine than those shown in Figure 2 but
were unable to document a protective effect of these agents at any
of the concentrations examined (data not shown). However, re-
gardless of the explanation for our inability to detect neuropro-
tective effects of nicotine and caffeine, an important conclusion
of our current study is that Nrf2-activating compounds are at
least part of the mechanism by which coffee and tobacco confer
neuroprotection.

Our work also indicates that a known Nrf2-activator in coffee,
cafestol, provides complete neuroprotection in both of our fly
models of PD. Although this finding could ultimately lead to the
development of a preventative therapy for PD, it is unclear that
cafestol itself represents a good candidate for therapeutic inter-
vention because cafestol also potently elevates serum cholesterol
through an unknown mechanism (van Cruchten et al., 2010),
and serum cholesterol levels correlate with heart disease risk
(Stamler et al., 2000). However, it is possible that a structural
analog of cafestol can be identified that retains the neuroprotec-
tive feature of cafestol but lacks its cholesterol-elevating property.
Alternatively, a chemically distinct activator of Nrf2 might sub-
stitute for cafestol. Although there are several known Nrf2-
activating compounds that could prove suitable (Eggler et al.,
2008), including other known Nrf2-activating compounds in
coffee (Cavin et al., 2003; Hwang and Jeong, 2008), a feature that
is likely to prove instrumental in the efficacy of these compounds
is their ability to cross the blood—brain barrier. Thus, the Nrf2-
activating compounds in coffee and tobacco, which can presum-
ably cross the blood—brain barrier and confer neuroprotection,
given our current findings and previous epidemiological studies
(de Lau and Breteler, 2006; Ritz et al., 2007), makes them partic-
ularly attractive therapeutic agents. Future studies involving frac-
tionation of coffee and tobacco extracts and the use of Drosophila
to assay these fractions should allow the identification of the full
complement of neuroprotective Nrf2-activating compounds in
coffee and tobacco. This knowledge could ultimately lead to the
development of the first preventative therapy for PD, AD, and
perhaps other neurodegenerative diseases.
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